Abstract. electroporation is the application of high-voltage short-duration pulses to transiently permeabilize cells, permitting the cellular uptake of macromolecules, including nucleic acid. although much attention has been focused on dna vaccines, antigen-encoding rna molecules may also stimulate immunity. Several methods are being examined in an effort to enhance the efficacy of nucleic acid delivery. One such method is the application of electroporation. The present study was designed to develop electroporation for use as a method of rna delivery in conjunction with the Semliki Forest virus (SFV) rna vector system for stimulation of immunity. expression of SFV-based β-galactosidase and luciferase vectors was observed in the muscle after electroporation. although some tissue damage was induced following intramuscular injection and electroporation with SFV vector rna encoding lacZ at optimum pulse conditions, immunity to LacZ was efficiently induced. Following two immunizations, there was a higher igG2a antibody response with the viral vector delivery and a higher igG1 response in electroporated rSFV-lacZ rna immunized mice.
Introduction
antigen-encoding dna molecules incorporating a eukaryotic promoter (dna vaccines) have been shown to induce both cell-mediated and humoral immunity (1) , but a dna vaccine must be delivered to the nucleus before it can be transcribed and translated to express antigen. This requires efficient membrane and nuclear permeabilization to allow the dna vaccines to enter the cells (2) . This is not the case with rna molecules, where it may only be necessary to deliver the gene through the cell membrane. in the case of Semliki Forest virus (SFV) vectors, the rna replicates and is expressed only in the cytoplasm (3) . although recombinant virus-like particles (VlPs) are the most commonly used SFV vector system, it has been shown that naked rna molecules based on the SFV vector system as well as encoding heterologous antigens can stimulate immunity, although less efficiently than VLPs (4) .
electroporation increases the effectiveness of nonviral gene therapy and could enhance the delivery of nucleic acids to the cytoplasm. it substantially increases dna delivery and dna vaccine potency, and appears to be well tolerated (5) . This has been shown for reporter genes and genes for therapeutic applications, such as erythropoietin (6) and herpes thymidine kinase (7) .
While high levels of gene expression are required following transfection by electroporation, it is also desirable to minimize tissue damage. Tissue damage is an important adverse effect of electroporation and can affect gene transfer by reducing the number of viable cells that express the gene. electroporation parameters have been shown to influence tissue damage and also gene expression (and hence antibody titers), so highvoltage short-pulse duration conditions are typically used (7) . However, these parameters are based on experiments with dna, while rna has not yet been tested. among the tissues targeted for electroporation with dna are tumors (8) , skin (9,10) and muscle (5, (10) (11) (12) . in this study, we showed that antigen expression following electroporative delivery of an RNA vector into muscle significantly increases the efficiency of expression and subsequent immune stimulation in mice.
Materials and methods
Mice. Specific pathogen-free 4-to 6-week-old female BALB/c mice used in the study were obtained from Harlan, uK and maintained in accordance with the principles outlined in the S1 17/94 European Community Regulations 1994 for the care and use of laboratory animals. all experiments were performed after approval of protocol and under license. Blood was harvested from mice from the facial vein using a 28-gauge needle on days 0, 7, 13, 20 and 26 after inoculation. The blood was incubated at 4˚C for 12 h to allow coagulation and then centrifuged at 10,000 rpm for 10 min. The serum was decanted and aliquoted before storage at -70˚C.
Plasmids. The SFV vector-encoding plasmids pSFV-lacZ, pSFV-eGFP and helper vectors pSFV-SP6-helper-S2 (encoding SFV envelope proteins) and pSFV-SP6-cS219a (encoding SFV capsid protein) were a gift from Professor P. liljeström, Karolinska institute, Stockholm, Sweden and were used in the preparation of SFV recombinant VlPs (13) . The SFV luciferase vector-encoding plasmid was a gift from dr c. Smerdou, university of navarra, Pamplona, Spain. The rna transcribed from such plasmids was labeled rSFV-X, where X is the transgene. rna was transcribed from the plasmids using the SP6 promoter as previously described (13), and each was adjusted to a concentration of 1 µg/µl with nuclease-free water. Mice were anesthetized using a xylazine/ketamine (0.1 ml/10 g) mixture.
Groups of mice to be immunized received a 50-µl intramuscular (i.m.) injection of the RNA at a concentration of 1 µg/µl in the left tibialis anterior muscle.
Electroporation. The electroporation needles (28-gauge) were inserted to either side of the injection site (0.5 cm apart), and after 1-2 min the muscle was electroporated with six squarewave pulses at 400 V/cm of 10-msec duration (with a 1-sec pulse interval) using the cliniporator electroporation device (igea, italy). Mice were boosted 13 days later under the same conditions, but in the right tibialis anterior muscle. Groups of control mice were simultaneously injected with rna alone (no electroporation) or electroporated without nucleic acid.
Immunization with VLPs. rSFV-lacZ VlPs were prepared as described by Smerdou and liljeström (13) and adjusted to a concentration of 10 6 infectious units (IU)/ml in TNE buffer. The groups of mice to be immunized received a 50-µl i.m. injection of the rSFV-lacZ VlPs in Tne at a concentration of 10 6 IU/ml in the left tibialis anterior muscle, and were boosted 14 days later with the same concentration in the right tibialis anterior muscle. Groups of control mice were simultaneously immunized with TNE alone or rSFV-Luc/EGFP VLPs in the same manner. Six mice were used per treatment group.
Measurement of antibody response. β-galactosidase (roche) was used as a reporter gene for analysis of antibody responses following electroporation. Sera from blood samples collected on days 0, 7, 13, 20 and 26 from inoculated and boosted BALB/c mice were analyzed using ELISA. A flat-bottomed 96-well ELISA plate was coated with 2.5 µg/100 µl of β-galactosidase (100 µl/well), and the serum was added in serial dilutions. The plate was stored at room temperature for 1 h, washed, coated with secondary antibody (50 µl of 1/500 dilution anti-mouse HRP, BD Biosciences) and incubated in the dark at room temperature for 1 h. Following a washing step, 3,3',5'5-tetramethylbenzidine (Sigma, 100 µl/well) was added to the plate. After 4 min, the stopping buffer (50 µl/ well) was added. The absorbance was read at 450 nm, and the mean antibody titers calculated.
Histopathology. For the preparation of muscle cryosections, excised muscle was embedded in ocT compound (TissueTec, uSa) on cork disks (lamb, uK), snap-frozen in liquid nitrogencooled isopentane and stored at -70˚C. A Leica CM 1900 cryostat was used to prepare 4-to 6-µm sections at -15˚C, which were placed on poly-L-lysine-coated glass slides, fixed in acetone at -20˚C for 5 min, air-dried overnight and stored in airtight containers at -70˚C. Muscle sections were stained with hematoxylin and eosin.
Transfection efficiency. Mice were anesthetized using a xylazine/ketamine mixture (0.1 ml/10 g) 48 h after luciferase transfection. For electroporation, 50 µl of RNA (1 µg/µl) was used, and for luciferase VlPs, 10 6 IU/ml. Luciferase reagent (100 µl) (Promega) was delivered i.p., and the mice were examined after 3 min using a Xenogen in Vivo imaging System.
Statistical analysis. The t-test was used to
analyze the normally distributed data of two groups when the standard deviations were similar. For more than two groups, the ANOVA/Tukey test was used. A p-value <0.05 was considered significant.
Results and Discussion
Optimization of electroporation. Preliminary experiments for intramuscular electroporation showed that 50 µg of rna was optimal for expression 48 h post transfection (Fig. 1A and B) . At voltages <200 or >600 V/cm, no reporter gene expression was observed, while optimal expression following electroporation was observed at 400 V/cm (Fig. 1C) . The optimal pulse length was 10 msec (Fig. 1d) . Three, six and eight pulses (with a 1-sec interval) were also examined, but no increased transfection was observed for eight compared to six pulses (data not shown).
Tissue damage. The level of tissue damage was examined by histological analysis of 4-µm sections taken from the muscle under optimal electroporation conditions. The damage was not obvious immediately following electroporation, but was observed at 72 h post electroporation. There was no evidence of tissue damage 7 days following electroporation. While necrosis, swelling and needle marks were noted in almost all cases, hemorrhaging was observed in 30% of the cases. Tissue damage was also examined using a range of different voltages (Table i) . The necrotic cells exhibited pyknosis of the nucleus and amorphous cytoplasmic eosinophilia. as shown in Fig. 1d and e, advanced necrosis was characterized by nuclear karyorrhexis, karyolysis and cytolysis. a decrease in tissue damage was observed when lower voltages were applied, but this resulted in a corresponding decrease in gene expression. At all voltage potentials >100 V/cm, some degree of tissue damage was evident. as the voltage was increased, a proportional increase in leucocytic infiltration was observed. When voltages >600 V/cm were applied, massive necrosis and in some cases edema were evident up to 21 days post electroporation.
The degree of muscle damage due to electroporation was shown to be dependent on the pulse applied. Previous Figure 1 . Parameters of electroporation. Luciferase levels were examined using the Xenogen live body imager at 48 h post electroporation. Luciferase expression (A) with varying concentrations of rSFV-Luc RNA 48 h after electroporation and (B) at intervals using 50 µg rSFV-Luc following electroporation with six pulses of 400 V/cm of 10-msec duration. A control group with rSFV-Luc but without pulses was also included (no difference was observed, so only the value at 48 h is shown) (n=4). (C and D) Luciferase expression following intramuscular electroporation with rSFV-Luc (50 µg) using varying voltages (C) with six pulses of 10-msec duration and (D) with varying pulse lengths at 400 V/cm. In each set of experiments, a control group injected without pulse delivery was included (n=4). (E) Image of a 4-µm section of muscle 48 h post electroporation with six pulses of 400 V/cm of 10-msec duration showing massive necrosis, edema, hemorrhage and low-grade leucocytic infiltration. There was no damage observed in the control non-electroporated section (F). (x200). Tissue damage was assessed at 48 h post electroporation (n=4). The severity of damage is denoted by +, ++ and +++ corresponding to mild, moderate and severe damage detected in H&e-stained sections (a minimum of twelve sections were analyzed per muscle for 6 mice).
data suggest that higher levels of tissue damage reduce transgene expression, but that this damage is reversible (7). Thus, a balance must be achieved between the induction of tissue damage and efficiency of transfection.
Antibody response. The effectiveness of the optimized intramuscular electroporation pulse conditions in combination with the SFV vector system was examined for the ability to induce an antibody response to β-galactosidase. intramuscularly injected SFV rna alone was compared to rna followed by electroporation and SFV VLPs. Blood was taken 12 days following the first immunization, and antibody serum levels were analyzed using eliSa. The mice were subjected to a second immunization on day 13 and bled again on day 26 ( Fig. 2A and B ). There was a significant (p≤0.001) increase in the serum antibody levels when electroporation was applied following immunization with the β-galactosidase gene. There was also a significant increase in the serum antibody levels when mice were immunized with the SFV VlPs encoding lacZ. in all cases, an increase in antibody response was observed following a second immunization (Fig. 2a) . There was a significantly higher IgG2a antibody response with the viral delivery and a significantly higher IgG1 response in the electroporated rSFV-LacZ RNA group (Fig. 2B) . This study demonstrated that electroporation promotes antibody responses induced by reporter rna. although the 400 V/cm pulse has been shown to be optimal for this RNA electroporation system, the voltages used differ from other studies with dna (7). However, we showed that rna may be substituted for dna for the induction of immune responses by electroporation, indicating that the use of rna in combination with electroporation for applications such as vaccination should be further investigated. in terms of its solely cytoplasmic expression, the impossibility of insertional mutagenesis and the lack of dispersal (14) , the use of RNA rather than DNA for this purpose may have advantages.
